Estimating the hydrological regime of ungauged catchments in the Himalayan region is challenging due to a lack of sufficient monitoring stations. In this paper, the spatial transferability of the model parameters of the process-oriented J2000 hydrological model was investigated in 2 glaciated subcatchments of the Koshi river basin in eastern Nepal. The catchments have a high degree of similarity with respect to their static landscape features. The model was first calibrated (1986-1991) and validated (1992-1997) Sensitivity and uncertainty analyses were carried out for both subcatchments to discover the sensitivity range of the parameters in the two catchments. The model represented the overall hydrograph well in both subcatchments, including baseflow, rising and falling limbs; however, the peak flows were underestimated. The efficiency results according to both Nash-Sutcliffe (ENS) and the coefficient of determination (r 2 ) were above 0.84 in both catchments (1986)(1987)(1988)(1989)(1990)(1991)(1992)(1993)(1994)(1995)(1996)(1997) in Dudh Koshi and 2001-2009 in Tamor). The ranking of the parameters in respect to their sensitivity matched well for both catchments while taking ENS and log Nash-Sutcliffe (LNS) efficiencies into account. However, there were some differences in sensitivity to ENS and LNS for moderately and less-sensitive parameters, although the majority (13 out of 16 for ENS and 16 out of 16 for LNS) had a sensitivity response in a similar range. The generalized uncertainty likelihood estimation results suggest that the parameter uncertainty are most of the time within the range and the ensemble mean matches very good (ENS: 0.84) with observed discharge. The results indicate that transfer of the J2000 parameters to a neighbouring catchment in the Himalayan region with similar physiographic landscape characteristics is viable. This indicates the possibility of applying a calibrated process-based J2000 model to other ungauged catchments in the Himalayan region, which could provide important insights into the hydrological system dynamics and provide much needed information to support water resources planning and management.
ters from gauged to ungauged catchments, a process generally referred to as regionalization (Blöschl & Sivapalan, 1995) . To do this, model parameters are estimated for a (gauged) donor catchment using manual or automatic calibration and the parameters are then transferred to the ungauged catchment. However, the parameters may differ in different catchments due to physical and hydrological differences (Blöschl, 2005) , and the extent to which the transfer is viable in different situations needs to be investigated.
A number of authors have considered the issue of transferability of parameters between basins. Patil and Stieglitz (2014) looked at a range of parameters controlling a simple rainfall-runoff model and concluded that streamflow predictability in ungauged catchments using rainfallrunoff models was largely dependent on the transfer of a small subset of the parameters. Hydrological processes (such as runoff components and evapotranspiration) are controlled by the physiographic properties of a catchment (Dunne, 1983) . Catchments that are close to each other tend to show physical similarity and are likely to have a similar climate (the spatial proximity concept); thus, the rainfall-runoff relationship is likely to vary smoothly in space, and neighbouring catchments are assumed to behave in a hydrologically similar manner with similar rainfall-runoff processes. Rosero et al. (2010) suggested that a priori assignment of parameter values in parameter transferability depends on physical characteristics (such as soil and vegetation types) of catchments and the transferability of particular parameters in relation to the similarity of the characteristics of the catchments influenced by those similar parameters (such as vegetation related parameters for catchments with similar land use cover). Blöschl (2005) and Bárdossy (2007) suggested that catchments that are hydrologically similar will have similar behaviour and can be modelled using similar model parameters (Merz & Blöschl, 2004; Patil & Stieglitz, 2014) . Heuvelmans, Muys, and Feyen (2004) showed that model performance declines when parameters are transferred to a catchment further away from the donor catchments. However, Rosero et al. (2010) cautioned that transfer of parameters based solely on similarity of vegetation type and soil texture is not a viable option for a priori parameter estimation; rather, interaction between these parameters is important.
In this study, we investigate the transferability of model parameters from one glaciated alpine catchment to a physically similar nearby catchment in the Eastern Himalayas using the process-based J2000 hydrological model. This model calculates the water balance in daily time steps and the underlying hydrological processes on the basis of distributed modelling entities (hydrological response units or HRUs).
The processes are controlled by calibration parameters, whereas the spatial properties are retained at HRU level in the form of distributed parameters for soil, land use, topography, and geology. Thus, the J2000 hydrological model can retain the spatial variability of static landscape features. The model was applied in the donor catchment, and the validated model parameters were then transferred to the neighbouring catchment. Sensitivity and uncertainty analyses were carried out to investigate the variation in sensitivity of the parameters in both catchments. Testing the transferability of parameters basically means using the proxy-basin test (Klemeš, 1986) to determine the portability of the calibrated model and its parameter set for regional application in other gauged and ungauged river basins for applications related to sustainable water resources development. The performance of the model in the two catchments is compared and the results are discussed. Furthermore, we compare not only the simulated hydrographs but also the behaviour of the parameter sensitivity and uncertainty in both basins.
| MATERIALS AND METHODS

| Study area
The study was carried out in two subcatchments of the Koshi (or Kosi) river basin in the Central Himalayas (Figure 1 ). The Koshi river is a major tributary of the Ganges; it has an area of approximately 87,460 km 2 -about 23% (19,685 km 2 ) in the Ganges Plains in India, 45%
(39,407 km 2 ) in the Himalayas in Nepal, and 32% (28, 368 km 2 ) in the lee of the Himalayan ridge on the Tibetan Plateau in China. The basin has a very large elevation range from the peak of Mt. Everest, the highest point in the world, to the low-lying plains. The Koshi river has seven major tributaries, most of which originate in high-altitude areas characterised by glaciers and permafrost ( Figure 1 ). The tributaries meet at Chatara to form the Sapta Koshi (literally seven rivers), which flows down to the alluvial plains of Nepal and Bihar in India. The discharge and sediment load from the upstream catchments during the summer monsoon contribute to annual floods and river bank erosion, which have a marked impact on the livelihoods of the rural population, giving the river a further name of the "Sorrow of Bihar."
The Dudh Koshi and Tamor subcatchments were selected for the modelling study to test the portability of model parameters. These two catchments are part of the larger Koshi River basin. Located in a similar climatic zone, with hydrometeorological stations mostly dominated in low-altitude areas and comparable basin size, these subcatchments promised a good potential to test the parameter transferability concept. The comparison of the catchment properties are provided in the next section. Figure 2 shows the physiographic landscape type, elevation range, climate zone, and land cover across the Koshi basin, including in the two subcatchments. The geological strata, soil types, and land use and land cover are controlled by physiographic landscape and climate zones as shown in Figure 2 and can be considered similar for two subcatchments being located in a neighbouring catchment.
The hydrometeorological stations in the two catchments are shown in Figure 3 (upper panel); the low level of monitoring infrastructure is clearly evident, especially at higher elevation.
| Comparison of catchment properties
The physiographic landscape, land use and land cover, and climate characteristics of the two subcatchments are illustrated in Figure 2 and summarised in Table 1 . These are compared to learn the similarities in static landscape features that develop a basis to transfer the J2000 model parameters.
1. Both subcatchments are characterised by steep topography in the Lesser Himalaya and high mountains in the Higher Himalaya.
2. The land use and land cover pattern is closely linked to the distribution of the elevation bands and influenced by the monsoon climate. The subtropical lower middle mountain elevation range of the Lesser Himalaya is dominated by deciduous forest, whereas the upper elevation of the higher Himalaya is covered by coniferous forest and alpine grassland, giving way to bare rock, glaciers, and snow in the highest areas.
3. The soil properties in the subcatchments are also related to the elevation zones ( Figure 3 , middle panel 4. Topography is the major factor controlling the pattern of rainfall and runoff generation, with different patterns in the Lesser and Higher Himalaya (Dahal & Hasegawa, 2008) . These zones were used to derive the hydrogeological parameters for the subcatchments ( Figure 3 , lower panel) to represent groundwater storage, whereas the glaciated high-altitude areas were considered to be a single geological type with no infiltration and no soil or groundwater storage (Table 1 ). The area of land within the different geological zones was similar in the two subcatchments.
5. The distribution of overall area, and of glaciated area, in the different elevation bands in the two subcatchments is shown in Figure 4 . The overall distribution is similar between 3,000 and 5,000 masl, but there are some differences in the area of land below 3,000 masl (greater area in theTamor) and above 5,000 masl (greater area in the Dudh Koshi). The majority of the glacier areas lies between 5,000 and 6,000 masl in both subcatchments, but the proportion above and below the average equilibrium-line altitude (ELA) of about 5,500 masl. The ELA value was taken from the Dudh Koshi subcatchment and calculated as an average of the range of 5,335 to 5,800 masl as suggested by Wagnon et al. (2013) . This elevation band is expected to be sensitive to melt runoff (Shea, Immerzeel, Wagnon, Vincent, & Bajracharya, 2015) .
Overall, the comparison of catchment properties indicates a high degree of similarity between the two subcatchments in terms of 
| The J2000 model
The J2000 is a process-oriented hydrological model for the simulation of river basin water balance components and river discharge at mesoscale and macroscale basins. The model has a modular structure and is implemented in the Jena Adaptable Modelling System (JAMS), which is a model framework system for component-based development and application of environmental models (Kralisch & Krause, 2006; Kralisch et al., 2007) . A short description of the model is provided below; a more detailed description of the model structure and its modules is given in Krause (2001 Krause ( , 2002 and Nepal (2012) .
The J2000 model has a process description incorporating important hydrological processes such as precipitation distribution, interception, snow, glacier, soil moisture, groundwater, and flow routing. The principal layout is shown in Figure 5 . The model produces four runoff components representing river discharge, that is, overland flow (RD1), interflow 1 (RD2), Interflow 2 (RG1) and baseflow (RG2) as shown in Figure 5 and described in Nepal (2012) . The JAMS modelling framework and J2000 model are open access including source code and can be downloaded from http://jams.uni-jena.de.
| Model input data and modules within J2000
The model requires precipitation, temperature, relative humidity, sunshine hour, and wind speed as daily input data to calculate different hydrological processes. For catchment distribution, the precipitation is regionalized from precipitation stations to the HRU by applying inverse distance weighting (IDW). Similarly, the temperature is interpolated by using summer and winter seasonal lapse rates, respectively. The lapse rates were calculated from two climate stations in the Dudh Koshi subcatchment with a short period of data (Nepal, 2012) . Precipitation is divided into rain and snow depending upon the air temperature. The potential evapotranspiration (PET) is calculated using the FAO Penman-Monteith approach (Allen, Pereira, Raes, & Smith, 1998) and is then checked against the actual water storage in different landscape compartments (such as interception, snow, and soil water) to determine the actual evapotranspiration (AET).
The "interception module" estimates the amount of precipitation intercepted at the vegetation cover of the HRU. The "snow module"
processes the snow part of the precipitation and considers depth, density, and the content of liquid and frozen water of the snow. The model considers the energy input from air temperature, precipitation, and soil temperature in the form of calibration parameters. The potential snow melt is considered as liquid water and is stored in the pore system of the snowpack until a critical snow density is reached. The storage capacity of the snowpack is almost completely lost when a certain amount of liquid water in relation to the total snow water equivalent (SWE) is reached (Bertle, 1966 ). In the model, the snowmelt runoff from the snowpack is then released and passed to the soil module. The "glacier module" simulates ice melting in the glacier HRU and applies an enhanced degree day factor as proposed by Hock (1999) . First, the seasonal snow falls on the glacier surface and melts as described in the snow module. When snow storage is zero on the glacier area, the ice melting process starts. Glacier ice melt on debris-covered glaciers is reduced by a debris-cover factor, which is controlled by the calibration parameter. Ice and snowmelt together with rain runoff (rain-on-snow
The distribution of land (top) and glacier (bottom) area in different elevation zones in the two subcatchments
The principal layout of the JAMS/J2000 hydrological model (adapted from Krause, 2001 and Nepal et al., 2014) . Note: P = precipitation; T = air temperature; WS = wind speed; RH = relative humidity; SH = sunshine hour; LPS = large pore storage; MPS = middle pore storage; DPS = depression storage; RO = runoff on glacier surface) are then routed through the glaciated areas and supplied to the nearby stream. The "soil module" represents the processes in the unsaturated part of the soil with two storage types: the middle pore storage (MPS) and the large pore storage (LPS). The soil moisture conditions influence the infiltration process; thus, the infiltration capacity is calculated on the basis of the actual soil moisture. The water stored in the MPS is considered as field capacity and reduced by potential evapotranspiration. The water in the LPS is distributed between the lateral and vertical water flow components. The lateral flow is responsible for producing interflow from the unsaturated zone (RD2). The "groundwater module" handles the groundwater storage for each HRU and receives the vertical flow percolating through the soil. The water discharge from the upper and lower storage areas (RG1 and RG2) is modelled in relation to the actual storage by means of a linear function, using the storage retention coefficient for two storages . The runoff components generated through each HRU are routed to the next connected HRU until a model entity is connected to the river network. Inside the river network, the "channel routing" is considered using a simplified kinematic wave approach and the calculation of flow velocity according to Manning-Strickler as described in Krause (2001) .
| Model parameters
The hydrological modules contain a number of calibration parameters for adaptation of the model response. Table 2 shows 36 calibration parameters that were optimised to improve the fit between observed and simulated discharge (see calibration procedure below). In addition to the calibration parameters, the J2000 hydrological model has separate parameter files that represent the spatial and temporal heterogeneity of the basin landscape (slope, elevation, and aspect), vegetation (e.g. leaf area index and rooting depth), soil (field capacity and LPS), and geology (water storage capacity of aquifers and retention period). These are compiled in the HRU parameter file (and connected to the respective parameter files) in which the hydrological processes are controlled by calibration parameters.
| Distribution concept
The watershed is distributed in the model by using the concept of hydrological response units (HRUs) (Flügel, 1995) . The HRUs are spatial modelling entities with a common land use, soil, geology and topography, controlling their hydrological dynamics. For the two subcatchments, the DEM, soil, land use and land cover, and geology (250-m resolution) were used for HRU delineation using a method suggested by Pfennig et al. (2009) and the combination of these layers resulted in 3,799 HRUs for the Dudh Koshi subcatchment and 3,445
HRUs for the Tamor subcatchment. Each of the hydrological processes described above for the different modules (see Figure 5 ) is calculated for each time step in each HRU.
2.7 | Model calibration, validation, sensitivity, and uncertainty analysis
The model was calibrated (years 1986-1991, with 1985 for model initialization) in the Dudh Koshi subcatchment using a combination of manual (trial-and-error) and automatic (Monte Carlo simulations) approaches and validated for the period of 1992-1997. Details are provided in Nepal et al. (2014) . Sixteen parameters (Tables 2 and 3) were selected as they were found to be influential based on experience from a trial-and-error approach and a previous study by Bäse (2005) to use in the sensitivity and uncertainty analyses (SUA). The sensitivity analysis helps understand the nature of the model parameters in terms of their influence on the total model outputs, with sensitivity defined as the effect of the parameters on the overall model performance as indicated by the objective functions, in this case, Nash-Sutcliffe (ENS) and log Nash-Sutcliffe (LNS) (McCuen, 2005) . Altogether 1,600 simulations were carried out representing 100 simulations per parameter. A uniform random sampling method was used in which the value of the parameter for each simulation was chosen within a range provided.
The OPTAS toolbox implemented in the JAMS framework was used for the SUA (Fischer, Kralisch, Krause, & Flügel, 2012) . A regional sensitivity analysis (RSA) was used to analyse the sensitivity of the model parameters as suggested by Hornberger and Spear (1981) and was further instrumental in obtaining a subset from the larger set of parameters for model optimization. In this way, the most optimal parameter values, as shown in Table 2 , were identified and then used for the validation period. A generalized likelihood uncertainty analysis (GLUE) was used for parameter uncertainty estimation (Beven & Binley, 1992) . The GLUE method is a procedure for uncertainty assessment on the basis of Monte Carlo simulations and accounts for all sources of uncertainty, that is, input data, parameters, and model structure. In this study, GLUE was used for parameter uncertainty only as other sources of uncertainty (input data and model structure) are beyond the scope of this study. Because of the lack of stations in high-altitude areas, uncertainty from input data might be similar in both subcatchments. The ensemble of 1,600 simulations from the given parameter range as shown in Table 3 were carried out in both subcatchments using similar parameter ranges (Table 3 ). In terms of parameter transferability, a systematic sensitivity and uncertainty analyses in both subcatchments suggest similarity and dissimilarity of hydrological processes in reference to calibration parameters. If sensitivity rank of the parameters matched well for both catchments, it can be interpreted that the catchments are dominated by similar hydrological processes that are represented through the calibration parameters.
The efficiency of the model was evaluated against three objective functions-ENS, LNS, and the coefficient of determination (r 2 )-using the observed discharge data from the two gauging stations. The ENS represents the overall hydrograph with a focus on high flow 3 | RESULTS AND DISCUSSION
| Hydrological modelling
The Dudh Koshi subcatchment has six precipitation stations, one of them also a climate station (temperature, relative humidity, wind speed, and sunshine hours), and the Tamor has five precipitation stations, one providing climate data as well ( Figure 3 and Table 4 ). Data from the earlier period, compared to Tamor subcatchment, were used for the Dudh Koshi as a glacial lake outburst flood (GLOF) event in the catchment in September 1998 (Osti & Egashira, 2009 ) severely damaged the Rabuwabazaar gauging station and affected the quality of the discharge data afterwards (Nepal, 2012) .
The precipitation dynamics in both subcatchments is dominated by the Indian summer monsoon system; most of the precipitation occurs during the summer season between June and September (Nepal, 2012) . The average annual precipitation is about 10% higher in the Tamor subcatchment as shown in Table 4 . The annual average discharge from the Dudh Koshi (1,602 mm) was slightly lower than from the Tamor (1,734 mm). However, the rainfall-runoff coefficient, which represents how much rainfall is converted to runoff, suggests a similar value (Table 1 ). Figure 6a shows the simulated and observed discharge from the Dudh Koshi subcatchment during the validation period (Nepal et al., 2014) . The model simulated the base flow quite well in most events.
The recession periods are also well captured although a slight underes- Figure 6b . Similar results were observed during the calibration period (Nepal et al., 2014) . Overall, the J2000 model is able to represent different parts of the hydrograph both for calibration and validation periods. However, the underestimation and overestimation in different years can be attributed to different reasons: lack of representative data in high-altitude areas, limitation of rating curves to estimate discharge data (especially during the monsoon season), and model structure and related parameters to represent various hydrological processes. Table 5 shows the model efficiency results for the Dudh Koshi subcatchment for the entire period. On the basis of the performance rating for the recommended statistics suggested by Moriasi et al. (2007) , "very good" results were obtained for ENS, LNS, and the r 2 , with slightly better results in the validation period.
| Transfer of model parameters to the Tamor subcatchment
The Dudh Koshi and Tamor subcatchments have a high degree of similarity in terms of their static landscape features (Table 1) Amongst other things, the transferred parameters were directly used without any further adjustment. The results might be improved if the parameters are further adjusted (e.g., a slight increase in
FloodRoutingTA also increases NSE slightly in Tamor). However, within the limitation of this study, our main aim was to show that the transferred parameters also work well provided the neighbouring basins have physical similarity.
3.3 | Sensitivity and uncertainty analyses has a strong influence on the composition of the modelled runoff components and the shape and the timing of the modelled hydrograph.
Altogether, 13 of 16 parameters were in the same sensitivity range for Nash-Sutcliffe efficiency in both basins, whereas three parametersglacierTbase, flowTouteTA, and soilConcRD2-were in different sensitivity zones. The variation in glacierTbase is probably due to the difference in the glacier area below 5,500 masl, the effective melting zone (301 km 2 in Dudh Koshi and 171 km 2 in Tamor). The variation in flowRouteTA might be due to differences in size and slope of the reaches; the total reach length is 5% higher in the Tamor, whereas the lowest slope reaches in the Dudh Koshi were 0.001% compared to 0.12% inTamor. Moreover, the routing process in J2000 is a very simplified representation of the river routing processes, which are neglecting different profiles and runoff obstacles. Combination of these might be the reason of underestimation of flood peaks in the Tamor subcatchment compared to the Dudh Koshi. The reasons for the variation in soilConcRD2 remain unclear; more detailed analysis of the topographic properties and experiments with variations in parameter change might help to pinpoint the cause of the difference. Some parameters were found to be sensitive over others as they can influence the large volume of water and also the hydrograph. The range of the selected parameters (Table 3 ) also plays a key role in setting sensitivity of parameters. Having a larger range means the model will produce nonbehavioural simulations that can influence sensitivity.
The similar pattern of the parameter sensitivity is an indication that the two subcatchments feature a similar hydrological response to rainfall. On the other hand, such patterns could be taken as an indicator as to whether a parameter transfer to an ungauged catchment might be feasible or not. Figure 10 shows the results of the generalized likelihood uncertainty estimation (GLUE) for the two subcatchments with the ensemble of 1,600 model simulations compared with the observed hydrograph values. The ranges chosen were narrower than the normal range for J2000 (Table 3) This uncertainty result indicates that the parameters of the J2000 model and its representation of hydrological processes seems to be working in a similar way for neighbouring catchments. This is demonstrated in Figure 10 which shows that the observed runoff most of the time lies within the uncertainty range. Figure 11 shows the scatter plots for the ensemble mean of the 1,600 simulations with the observed discharge for the full period of model run. In both subcatchments, r 2 is 0.85, which is considered good, especially coming from the ensemble mean. The ENS values for the ensemble mean were slightly lower for the Dudh Koshi (0.76) than for the Tamor (0.81). The results suggest the possibility of using the ensemble mean for ungauged catchments instead of a single output from the modelling.
The analysis together suggest that the sensitivities of the selected parameters are mostly very similar in both subcatchments. Taken together, the results indicate that the J2000 is a viable model for parameter transfer between basins in spatial proximity and with reasonable physical similarities. This could be interpreted as (a) the two catchments have a very similar hydrological functioning, that is, the hydrological processes dominance is similar, which leads to a similar catchment response and (b) the physical basis of the J2000 model is good enough to reproduce such similar catchment response.
As other studies also suggested that the catchments in physical proximity are likely to have hydrological similarity and thus can be modelled using similar parameters from donor catchments (Bárdossy, 2007; Blöschl, 2005; Merz & Blöschl, 2004) . Sensitivity of parameters using regional sensitivity analysis (top: ENS; bottom: LNS)
FIGURE 10 GLUE parameter uncertainty analysis in the Dudh Koshi (top) and Tamor (bottom) for the last year of the validation period
Scatter plots between ensemble mean (1,600 simulations from GLUE) and observed discharge in the Dudh Koshi (top) and Tamor (bottom) for the model run period
The selected subcatchments have a high degree of similarity in terms of their static landscape features and were thus suitable for investigating the viability of transferring model parameters.
The major conclusions are as follows:
1. The transferred parameters of the J2000 model represented the overall underlying hydrological process representation of the recipient catchment (i.e., Tamor) very well for the period, which was different than the donor catchment (i.e., Dudh Koshi). The proxy-basin approach was well suited as a means to test parameter transferability for the process-based J2000 model. 3. The extent to which differences in catchment properties affect parameter variation should be explored further by applying the model and the parameter ranges listed in Table 3 to other subcatchments in the Himalayan region with differences in spatial and hydrological properties. Especially, the parameter values might differ with the scale of the basin which in turn affect the flood routing, recession coefficients, and baseflow proportions.
Similarly, geological formations and land use pattern also affect the dry season flows and runoff components. Another factor that might be influential for the parameter variation is the distribution of the weather stations and their representativeness for the meteorological dynamics in the catchments. Some of the parameters in hydrological models are calibrated to cope with the coarse and incomplete representation of the meteorological dynamics in the measurement networks. This cannot be described in this analysis because in our setup show a strong similarities in both measurement networks (Figure 3 ). These additional analysis might provide useful insights into the hydrological system dynamics and parameterization of the J2000 model in Himalayan catchments of varying sizes and available information quality.
4. The J2000 model can be used to estimate the discharge from ungauged catchments in the Himalayan region by transferring the parameters developed for a close-by gauged catchment with similar geophysical characteristics.
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